ABSTRACT. Cortical granule breakdown in sea urchin eggs has been investigated with a video microscope system using Nomarski differential interference contrast optics, when induced by fertilization, microinjecting inositol 1, 4, 5-trisphosphate (IP3) or Ca-EGTAbuffer solution into the egg, or per fusing a mediumcontaining 1 mM Ca2+ to isolated cortices. The cortical granule increased up to 1.2 times in diameter and broke down within 40 msec. These values were almost constant amongthe three methods used to induce cortical granule breakdown. Upon fertilization, the cortical granule breakdown propagated over the egg surface at a speed of 3.3 jum/sec in Clypeaster japonicus eggs, which indicates that cortical granule breakdown propagated through the 3.3-jumwide egg surface within 1 sec. In such a small area of the egg surface, however, it took muchmore than 1 sec for all cortical granules to break down because the maximal rate of breakdown was 7.6%Vsec; that is, it took 9 sec and 18 sec for 50% and 90%, respectively, of cortical granules to break down. Moreover, the rate did not simply decrease with time, and a shoulder was found during the reducing phase, which suggests that cortical granules are divided into fast and slow breakdown groups according to the responsiveness to the breakdown stimulus. The cortical granule breakdown induced by microinjecting the Ca-EGTAbuffer and IP3 solutions propagated at 68 //m/sec and 35 //m/sec, respectively. The stimulus for cortical granule breakdown is discussed concerning the transient intracellular Ca2+ increase.
Uponfertilization of the echinoderm egg, it is well known that the formation of the fertilization envelope is caused by cortical granule breakdown (CGB) (7, ll, 13, 19, 23) . Following the attachment of a spermatozoon at the egg surface, the inclusion of cortical granules (CGs) protrudes into the space between the plasma membraneand the vitelline envelope, and it causes the elevation of the fertilization envelope, forming the perivitelline space (7, 19 ). CGBstarts at a site near sperm incorporation upon fertilization, and in the case of the microinjection of Ca2+ and inositol 1, 4, 5-trisphosphate (IP3), it starts at the vicinity of the injection site. Subsequently, it spreads over the entire surface of the egg in a wavelike manner (ll, 12, 24) . According to precise observation, however, adjacent CGsdo not simultaneously break down, but seem to break down at random (4, 12) . In the present study, the process of CGBwas quantitatively analyzed by video microscopy. japonicus by intracoelomic injection of artificial sea water (ASW; Jamarin U: Jamarin Laboratory, Osaka) containing 1 mMacetylcholine. The eggs were washed three times with ASWand kept at 15°C before use. Sperm were kept "dry" at 4°C.
Induction of CGB.All experiments were carried out at 20± 1°Cin the case of S. mirabilis and H. pulcherrimus, and at 25 ± 1°C in the case of T. hardwicki and C. japonicus. CGB was induced by insemination and microinjection of 100 mM Ca-EGTAbuffer (6 /uM at the concentration of Ca2+) and IP3 solution (20 juM) as reported previously (12) . Eggs in a trough made by a coverslip were inseminated by adding a drop of sperm suspension which was obtained by diluting dry sperm with ASWup to 500-1000 times. Microinjection was carried out in the same way, as reported previously by Mohri and Hamaguchi(12) . The volume of injected solution per egg was 6-7 pi corresponding to 1% of the egg volume. Cortices of the eggs were isolated and per fused with a solution containing 1 mMCa2+ in order to induce CGBby the method of Sasaki and Epel (18).
Observation and analysis. CGB was observed with a Nomarski differential interference microscope (Optiphot; Nikon Corp., Tokyo) using a 100x/1.25 Nikon DIC objective and recorded with a video system at a speed of 60 fields/ sec (12) or at a speed of 200 fields/sec using a high-speed video camera, MHS-200 (Nac Incorporated, Tokyo).
The periods in msec required for the breakdown of a single CGwere determined to be 5 times the number of fields, from the video field where any morphological change in CGwas detected, to the video field where CGhad disappeared because one video field at 200 fields/sec is equal to 5 msec. Only a part of the &ggsurface could be observed with the microscope because the egg was spherical. Therefore, the egg was compressed somewhat, the focus was adjusted to the top surface of the compressedegg and the observation area was a rectangle (51 x 37 jum) which was a full frame of the image on a video monitor (see Fig. 2a ). Positions of all CGs in the image were traced on transparent plastic sheets using a fine-point marker pen and all times of their breakdown in minutes and secondsafter insemination or microinjection were noted on the sheet. The breakdowntime of individual CGswas measured by reviewing both the recorded images of CG and the time superimposed in the image field in slow motion or still shot. In order to analyze CGB,the sheet was divided into 9 lanes of equal width which were numbered from 1, the left lane, to 9, the right lane, for convenience. The rate of CGBor % breakdown time of CGsin each lane was calculated from the data on the sheet. To determine the propagation velocity of CGB,we analyzed the samples in which CGBstarted from a short side of the rectangle during fertilization. In the case of microinjection, CGBstarted at the center of the monitor and propagated to its periphery since the microinjection site was in the center of the monitor (see ref. 12 ).
RESULTS
Breakdown of single CGs. As summarized in Table  I , CGs varied in size and density with species. The distances amongadjacent CGsin sand dollar eggs were larger than those in sea urchin eggs. The diameter and the density of CGs in H. pulcherrimus and C japonicus eggs coincided with those reported by Endowhomeasured them by phase contrast microscopy (4). In C. japonicus eggs, some parts of CGinclusion appeared to be dark, which may be due to the heterogeneity of the inclusion. It is well knownby means of electron microscopy that CG inclusion is not homogeneous but heterogeneous (for a review, see ref. ll). In this study, this fact was confirmed in living cells using light microscopy, which may be attributable to the high visibility caused by the facts that the egg cytoplasm is transparent and that CGs were the largest among the four species. The process of the breakdown of a single CGwas analyzed in detail using a high-speed video system at 200 fields/sec. Figure 1 shows the process of CGBin a C japonicus egg upon fertilization. First, the center of the CGbecame slightly low in contrast, whereas its size did not yet change (see the micrograph of 10msec in Fig.  1 ). In 30-40 msec, it swelled up and increased in diameter up to about 1.2 times, and finally disappeared ( Fig.  1) . In some CGs of the C.japonicusegg, apart of the inclusion remained visible around them after breakdown. Table II summarizes the results of the time required for the breakdown of CGs. The average time was 34±6 msec in H. pulcherrimus and 32±8 msec in C. japonicus. WhenCGs in C. japonicus eggs were divided into three groups of small, middle, and large granules in diameter, there was no difference in the average time of CGBamongthese three groups. These results suggest that the period required for the CGBwas almost cons- In order to calculate the propagation velocity ofCGB, times when 10, 20, 30,...., and 90% of total CGs broke down were determined from the data of the number of CGBper second in each lane, and among them, the times of 10, 50, and 90% breakdown were plotted with the distance in each lane in Fig. 3 . Becausethe slopes of these curves represent the propagation velocities, they were calculated from the times of 10 to 90% breakdown and were found to be almost the same, namely, 4.0 jum/sec in this sample and Table III . Differences between breakdown times of two cortical granules.
Time difference indicates the time from one breakdown to the other of a pair of CGs which are taken randomly in the observation area, dx: distance between a pair of CGsto the direction parallel to the propagation, dy: distance between a pair of CGsto the direction perpendicular to the propagation, dr: distance between a pair of CGsto the radial direction from the microinjection site. C-E: Ca-EGTAbuffer.
direction of propagation in the case of fertilization or a pair of CGsin the direction of propagation in the case of microinjection, as shown in Table III . The distance between the pair was short (about 2jum) or long (ca. 21 or 16jum). If the breakdown of a CGaccelerates or decelerates the breakdown of neighboring CGs, the breakdown time of CGdepends on the distance, or if CGB has no relation to the breakdown of neighboring CGs, the breakdown time of CGdoes not depend on the distance. Differences between breakdown times of a pair of CGs are summarized in Table III . Standard deviations themselves show the degree of randomness. In this study, they were large and did not depend on the direction or the distance between the pair of CGs. These results indicate that CGBdoes not accelerate or decelerate the breakdown of neighboring CGs, but that CGs break down independently of the breakdown of neighboring CGs. The mean shows the time when a CGB stimulus propagates to the other CGB at a definite distance. Although the propagation velocity of CGB could also be calculated by this mean and should be equal to the values described in the two previous subsections, it could not be determined exactly because the deviation was large compared to the mean.
DISCUSSION
Process of single CGB. The process of single CGB was investigated using a high-speed video system at a speed of 200 fields/sec. It was found that a CG swelled up by approximately 20%in diameter and then broke down. Our data did not coincide with the findings of Endo that a CG swelled in diameter by a factor of two during CGB(4). Since we observed the phenomenon that CG inclusions swelled up significantly after CGB, it is suggested that there was confusion betweenthe swelling of a CGbefore the breakdown and the swelling of CGinclusions after the breakdown. The time of fusion pore opening could not be determined in this study.
However, it seems likely that a CGwould open first after the fusion of the CGand egg plasma membrane and that the CG swells up, increasing the size of the opening pore because it has been reported that a secretory vesicle in beige mice swelled up after the fusion of the vesicle and cell membrane (2, 3) . Propagation of CGB.CGBstarts at the sperm attachmentsite and spreads over the entire surface of the egg (10, ll, 19, 23) . In C. japonicus, the propagation velocity of CGBwas in the range of 3.0-4.0/mi/sec, which coincides with those of cortical changes reported as 3-4/mi/sec (9, 16, 24) . However, the velocities were large in some reports (4, 13) . Upon fertilization, the velocity of the Ca-wavein echinoderm eggs was measured to be 3-4//m/sec using the fluorescent dye, fura-2 (in preparation).
A transient Ca2+ increase was also reported to propagate through the egg cytoplasm (5, 6, 22) . Therefore, CGBmaypropagate at the same velocity of a transient Ca2+ increase upon fertilization. Moreover, we reported that the first CGBoccurred about 0.5 sec after increasing Ca2+ concentration in the cytoplasm by microinjection (12) , and the fertilization envelope was reported to elevate 10.5 sec after the beginning of Ca2+ increase upon fertilization (6) . These data indicate that the stimulus to induce CGBis intracellular Ca2+ increase, that the first CGBwould be detected at about 0.5 sec of a latent period after the Ca2+ increase and that 10 sec later when 60% CGs broke down, the fertilization envelope elevation would be detected. The propagation velocities of CGBinduced by Ca-EGTA buffer and IP3 solutions were about 20 times and 10 times as muchas that upon fertilization, respectively. <dx2> =2Dt, [1] where D is a diffusion constant and t is time, using the Einstein-Stokes relation. Provided D= 1.0 x 10"10 m2/ sec from the result of Hiramoto and Kaneda's study (8) in C. japonicus, it can be determined that it takes 5 msec for Ca2+ to move about 1 jum, which is equal to the diameter of CGs. This indicates that Ca2+ near a CGdiffuses in the surrounding cytoplasm within such a very short time such as 5 msec, whereas CGBoccurs for more than 20sec in a definite surface area. Consequently, the fluctuation of Ca2+ concentration in the egg cytoplasm cannot explain the randomness of CGB. Therefore, CGBmay well involve other processes of probability constituting some biological mechanism other than the Ca2+ increase itself. Somecandidates for the process maybe enzymatic reactions involving calmodulin and other Ca2+ binding proteins (14, 17, 20) . Heterogeneity ofCGs. It is intriguing that the mean %breakdown of CGsper second is biphasic, as shown in Fig. 4 . There may be heterogeneity in a population of CGswith respect to the reactivity of CGB.Differences between the two populations may be characterized only by the differences in the reaction time of CGB to a stimulus because the average period required for CGB was almost constant (approximately 40 msec) and the propagation velocities of CGB were also constant (about 3.3 //m/sec). However, each population may involve other biological functions, since it was reported that an immunocytochemical technique suggested heterogeneity in a population of sea urchin egg CGs (1).
